The design and analysis of non-intrusive micro-electro-mechanical-systems sensors to measure fluid shear stress on the wing surface of a commercial jetliner is presented. A design specification is derived from analysis of flight loading data using computational fluid dynamics. The specification accounts for different flight conditions, aerodynamic smoothness and sensor bandwidth. Capacitive and PZT-based direct fluid shear sensor designs based upon the force-displacement relationship of a tethered plate are created. The sensors have overall dimensions <0.7 mm, can be collated into large arrays and provide scaled digital outputs, and their design methodology is easily generalized to similar applications.
Introduction
The drag developed by fluid flow over a structure contributes significantly to the running costs and performance characteristics of modern transportation systems, such as airplanes, ships and automobiles. Active control systems utilizing arrays of sensors, processors and actuators have been proposed to reduce drag Tai 1997, Huang et al 2000) . This paper describes non-intrusive micro-electro-mechanicalsystems (MEMS) sensor designs to directly measure fluid shear stress as part of an active drag reduction system. While the sensor concepts and design methodology presented can be widely generalized, the focus here is the direct measurement of shear stress due to fluid flow over the wing of a commercial jet airliner.
Utilizing the velocity dependence of heat transfer via convection, hot-wire anemometry correlates the local fluid velocity to the heat transfer from a thin wire probe (Bruun 1995) . However, hot-wire-anemometry-based methods can be intrusive and difficult to design for the high-speed, high-load situations encountered in commercial aircraft applications.
Hot films may also be placed on a surface to measure the shear stress based on the convective heat transfer from a heated wire to the passing air stream (Bellhouse and Schulz 1966) . There are difficulties obtaining measurements with this technique when the temperature of the air or the wing changes significantly from the values used during calibration. The major drawback associated with hot-film methods is the impact of heat loss via the sensor substrate on accuracy.
The application of MEMS technology to fluid flow sensors holds significant potential as noted in an extensive review of MEMS technology for flow control (Ho and Tai 1997) . Numerous MEMS pressure and temperature sensors have already been developed (Huang et al 2000 , Gjerstad et al 2000 . Direct measurement designs based on floatingelements have also been fabricated (Schmidt et al 1988) . However, issues related to sensor loading, required resolution or environment are not discussed.
Sensor requirements
The sensor specification is based on the flight loads and CFD analysis of fluid flow around the transonic wing of a Boeing 737 
CFD simulation
CFD analysis is performed on the three two-dimensional sections labelled in figure 1 to determine the fluid shear stress due to flight conditions ranging from climbing to cruise. Each wing profile was meshed using Gambit TM and analysed using Fluent TM . Two external curved boundaries are placed around the profile at a sufficiently large distance to act as the inlet and outlet boundaries to the computational domain composed of approximately 30 000 cells to create the necessary mesh. The inlet stagnation pressure and stagnation temperature are used as boundary conditions, while the static pressure is held constant at the outlet. Convergence was confirmed by monitoring residuals and by reference to the stagnation pressure contours around the aerofoil.
The numerical method used for the determination of the shear stress over the wing profile was compared with the results obtained from an inviscid, incompressible panel method analysis for the aerofoil in a low-speed flow field. The pressure coefficient, generated from absolute pressure data from the CFD simulation, was within 2.5% of the panel method results. In addition, CFD simulation of flat-plate wind tunnel tests produced results within 0.5% of experimental values. These results are used to confirm the meshing and simulation methods. • angle of attack).
To determine the range of shear stress that the sensor must measure, CFD analyses at different angles of attack were performed at three sections along the wing under climbing and cruise conditions to represent peak and average loading conditions. Table 1 shows that the shear stress ranges from ≈120 to −20 Pa, with the negative value a result of flow separation and reversal. Only the WBL 204.4 profile was modelled at the 35 000 feet cruise condition, as the results were well within the range reported for the flaps-up climbing manoeuvre at 13 000 feet.
As shown in figure 2, the peak shear stress occurs while climbing with an angle of attack of 3
• . The downward spike in the upper surface profile identifies the location of the shock wave expected for this transonic aerofoil. At a 6
• angle of attack of figure 3 is the same as figure 2 up to the shock; however, the shock is larger with a greater drop in shear stress. The negative values of shear stress are caused by flow reversal within a separation bubble. An analysis of the flow at 12
• angle of attack showed that the aerofoil stalls at this operating condition, as the flow does not reattach after the shock. The movement of shock location with angle of attack defines a region for sensor and actuator placement, as a system designer would want to locate these elements in the area where shock/boundary layer interactions are greatest.
Complete sensor requirements
The sensor must operate in a 'dirty' environment, withstand the impact of foreign bodies, operate when exposed to shock waves, be resilient to altitude variations and measure shear force in both directions in case of flow reversal. The sampling rate must be at least 1 kHz to enable effective feedback control, and the sensor must be sized to have no impact on aircraft operation and structural integrity. Table 2 presents the quantitative sensor specification, based on the CFD analyses of the operating conditions and manufacturer requirements.
Sensor design
The micro-fabricated capacitive and PZT-based sensor concepts presented in figure 4 are designed to meet the specification and be easily scaled for similar applications. Both concepts directly measure fluid shear stress, in either direction, based upon the force-displacement relationship of a tethered plate with a thin, flexible covering layer to seal it from the environment. For clarity, the capacitive concept shows only one set of capacitive plates. Isolation of the sensor from the surrounding structural strain state is achieved through the cantilever tethers and the small relative size of the sensors compared to the strain variations in the overall wing structure. By appropriately sizing the dimensions of the sensor elements, the sensitivity, bandwidth and measurement range may be generalized to any similar application. To obtain high data density many units can be fabricated into an array to enhance resolution. Both sensor designs utilize a multi-layer substrate containing integrated electronic circuitry for power supply and signal processing. Connection through the base of the sensor chip, or via leads to the edges, are typical forms of connection between the sensor and signal processing electronics. Such connections would be made during manufacture and the entire system placed on top of, or embedded into, the wing skin. No wing skin modifications are required beyond the ability to move the signal through the skin to wherever computation is located.
Capacitive sensor
Capacitive sensors are often used for highly accurate displacement sensing based on the change in capacitance between two parallel plates as a function of changing separation between the plates. These sensors produce a voltage linearly proportional to separation distance, or a current with a non-linear relationship to separation distance (Baxter 1997 The resulting capacitive sensor is shown in figure 5 , and its design and performance are summarized: The cantilever springs are 6.5 µm × 6.5 µm and 200 µm long while the spine has a width of 100 µm. The 12 µm height of the sensor is well below the 0.2 mm (200 µm) aerodynamic smoothness limit so no wing skin modification is necessary apart from allowing transmission of electrical signals.
There are 42 capacitive units per sensor with each capacitor set consisting of two stationary plates mounted on the substrate, and a central plate connected to the 'floating' skeleton of the sensor. The central plate displaces as a result of the shear stress transmitted, changing the plate separation and providing a measurable change in capacitance. The displacement is directly proportional to the shear stress, and related by the linear force deflection characteristics of the four cantilever springs. A 3 µm deflection does not cause material yielding and exceeds the analytically determined peak operating deflection of 1.1 µm. The minimum detectable deflection with this design arises from a shear stress much smaller than the resolution required. With a fundamental frequency around 70 kHz there is a large frequency range over which the sensor can be operated with minimal error using a static calibration. The use of a three-plate configuration, where the centre plate feeds a high-impedance amplifier, results in a voltage output linearly proportional to the plate separation. The advantage of this system is that the output has minimal dependence on the dielectric constant and the plate area, and the electrostatic force is zero when in the neutral position. Finally, micro-fabrication using accepted processes is feasible for this type of released structure (Madou 1997) .
PZT-based sensor
The PZT sensor is based on the same basic design; however, it uses the strain-induced voltage from four PZT rods, in two pairs, to measure displacement. The PZT-based sensor design and performance are summarized: −1 , which is much higher than that of the bending springs, implying that sensor stiffness is primarily due to the PZT columns, maximizing voltage output and resolution. Note that the measurement of both tension and compression in the PZT rod pairs increases data density and potential resolution. Since PZT induces voltage only to changes in strain state, a square wave reference signal must be provided. The desired output displacement will be the difference between the expected reference input response and the actual system response including drag. A high fundamental frequency of 3.54 MHz provides a large frequency range over which it can be accurately employed with a static calibration and a very large operating range that should exceed 100 kHz. A poling direction (g 33 = 0.025 V m N −1 ) is selected to provide maximum output voltage per PZT element, and polysilicon supports provide a common electrical connection to the electrodes of the PZT elements. Micro-fabrication is feasible; however, the long time required to sputter PZT to the required thickness and the annealing required to ameliorate residual stresses may reduce the desirability of this concept.
Conclusions
The precision measurement of fluid shear stress over surfaces such as aerofoils is a significant requirement for any fluid control system. The design, analysis and performance of capacitive and PZT-based MEMS sensors that directly measure fluid shear stress for a commercial aircraft under normal operating conditions is presented. The design specification is based on CFD analyses of the commercial aerofoil under different operating conditions, based on flight loading conditions, maintaining aerodynamic smoothness and other operational considerations. Sensing is based on the forcedisplacement relation between a flexible sensor and the shear stress transmitted by the fluid flow and the resulting sensor resolution, bandwidth and output voltage are determined for the operating range. While the PZT sensor offers larger bandwidth it will be less easily and consistently fabricated and offer less resolution than the capacitive concept. Finally, the design methodology presented is easily generalized to a variety of similar applications. Future research includes the creation of milli-scale models for wind-tunnel testing and eventual fabrication of prototypes.
